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A Central Role of the BK Potassium Channel
in Behavioral Responses to Ethanol in C. elegans
understand ethanol’s effects: biochemical searches for
ethanol targets, and behavioral analysis of the effects
of ethanol on mutant flies and mice. To date, these two
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Tod R. Thiele,1,3 Antonello Bonci,1
Cornelia I. Bargmann,2 and Steven L. McIntire1,* different approaches have not converged on a common
explanation for specific effects of ethanol. Biochemical1Ernest Gallo Clinic and Research Center
Department of Neurology searches for ethanol targets have defined at least 20
proteins that are affected by ethanol at relevant concen-Programs in Neuroscience and Biomedical Science
University of California, San Francisco trations in vitro (Diamond and Gordon, 1997; Harris,
1999). These proteins include ligand-gated channels5858 Horton Street, Suite 200
Emeryville, California 94608 such as GABA and glutamate receptors, several calcium
channels, neurotransmitter transporters, and multiple2 Department of Anatomy
Department of Biochemistry and Biophysics potassium channels. How, or to what degree, these po-
tential targets of ethanol may contribute to the differentHoward Hughes Medical Institute
Box 0452 acute or chronic behavioral responses to the drug re-
mains unclear (Harris, 1999).University of California, San Francisco
San Francisco, California 94143 An alternative analysis of ethanol targets has been
conducted by analyzing ethanol responses in animals
with alterations in specific genes. For instance, in-
creased sensitivity to ethanol has been observed withSummary
mice lacking dopamine D4 receptors (Rubinstein et al.,
1997) or protein kinase C epsilon (Hodge et al., 1999),The activities of many neuronal proteins are modu-
while mice lacking nitric oxide synthase (Spanagel etlated by ethanol, but the fundamental mechanisms
al., 2002), neuropeptide Y (Thiele et al., 1998), or dopa-underlying behavioral effects of ethanol remain un-
mine D2 receptors (Phillips et al., 1998) show decreasedclear. To identify mechanisms responsible for intoxi-
sensitivity to ethanol. Genetic studies in Drosophilacation, we screened for Caenorhabditis elegans mu-
identified an ethanol-hypersensitive mutant, amnesiac,tants with altered behavioral responses to ethanol.
that encodes a neuropeptide that activates cAMP sig-We found that slo-1 mutants, which were previously
naling (Moore et al., 1998). These studies suggest thatrecognized as having slightly uncoordinated move-
multiple neuronal pathways contribute to the behavioralment, are highly resistant to ethanol in two behavioral
responses to ethanol, and they have great potential forassays. Numerous loss-of-function slo-1 alleles emerged
defining the nature of intrinsic genetic susceptibility tofrom our screens, indicating that slo-1 has a central
alcohol effects. However, they do not necessarily iden-role in ethanol responses. slo-1 encodes the BK potas-
tify direct targets. Ethanol sensitivity or resistance couldsium channel. Electrophysiological analysis shows
arise from mutations in modulators of the ethanol tar-that ethanol activates the channel in vivo, which would
gets, mutations in the neural pathways for ethanol sensi-inhibit neuronal activity. Moreover, behaviors of slo-1
tivity, or mutations that affect the specific behavior beinggain-of-function mutants resemble those of ethanol-
measured. Therefore, it is important to demonstrate di-intoxicated animals. These results demonstrate that
rect ethanol sensitivity of these genetically defined can-selective activation of BK channels is responsible for
didate molecules.acute intoxicating effects of ethanol in C. elegans. BK
Here we show that ethanol causes behavioral intoxi-channel activation may explain a variety of behavioral
cation in C. elegans at the same doses that cause intoxi-responses to ethanol in invertebrate and vertebrate
cation in humans and other mammals. In two indepen-systems.
dent saturation screens for ethanol resistance, we
identified a high frequency of loss-of-function mutationsIntroduction
in a single gene, slo-1. slo-1, which derives its name
from the Drosophila ortholog, slowpoke, was previouslyEthanol is a widely used and abused drug, but the molec-
shown to encode a calcium-activated large conduc-ular mechanisms that drive its acute behavioral effects
tance BK potassium channel (Wang et al., 2001). Loss-are not understood. The human behavioral responses
of-function mutations in slo-1 suppress the locomotionto ethanol include incoordination and a loss of social
defect of a syntaxin mutant and cause an increase ininhibition at low doses, and incoherency and sedation
the duration of evoked neurotransmitter release (Wangat higher doses. Ethanol intoxication alters the behavior
et al., 2001). We show that a loss of slo-1 function alsoof invertebrates and mammals at similar doses (Moore
leads to a striking resistance to ethanol. Conversely,et al., 1998; Diamond and McIntire, 2002), suggesting the
hyperactivation of SLO-1 channels mimics intoxication.existence of conserved ethanol targets in the nervous
SLO-1 channel activity is increased by ethanol in vivo, ansystem. Two different approaches have been taken to
effect that would inhibit neuronal activity. These results
indicate that activation of the SLO-1 potassium channel*Correspondence: slm@itsa.ucsf.edu
in C. elegans is responsible for acute neurobehavioral3 Present address: Institute of Neuroscience, 1254 University of Ore-
gon, Eugene, Oregon 97403. effects of the drug.
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sedative, consistent with the sedative effects of ethanol
in other animals.
The mechanism of penetration of ethanol and other
neuroactive compounds into C. elegans is not known.
C. elegans has very low permeability to exogenous
chemicals, therefore it is likely that the ethanol concen-
tration inside the animal is lower than that in the medium.
To test this possibility, we measured ethanol concentra-
tions in whole-animal extracts following a typical expo-
sure (22 min). Internal concentrations of ethanol for ani-
mals exposed to 400 mM and 500 mM ethanol were
22  0.8 mM and 29  0.5 mM, respectively. These
concentrations are comparable with ethanol levels asso-
ciated with intoxication in humans; 0.1% blood alcohol,
a common legal driving limit, corresponds to 21.7 mM
ethanol in blood.
To identify genes that mediate the behavioral re-
sponses to ethanol, we sought mutants that were resis-
tant to the effects of ethanol on either locomotion or
egg laying. By conducting screens based on both be-
haviors, we hoped to identify targets directly involved
in the ethanol response rather than elements specific
to one behavioral network. Following mutagenesis,
10,500 haploid genomes were screened for locomo-
tion in the presence of ethanol, and 10,000 additional
haploid genomes were screened for the ability to lay
eggs in the presence of ethanol. Twenty-eight mutants
belonging to nine complementation groups (genes) were
isolated from the two screens. Eight mutants were iso-
lated based on resistance to the effects of ethanol on
locomotion (“locomotion-resistant”) and twenty mu-
tants were isolated based on resistance to the effects
of ethanol on egg laying (“egg laying-resistant”).
Loss-of-Function Mutations in slo-1 Result
in Strong Resistance to Ethanol
A detailed behavioral analysis of the ethanol-resistant
mutants immediately focused our attention on one com-
Figure 1. Behavioral Responses of C. elegans to Ethanol plementation group, defining the gene slo-1. Thirteen
(A) Dose-response curve describing the inhibitory effects of ethanol strong ethanol-resistant mutations mapped to the same
on speed () and frequency of egg laying () of the wild-type (N2) genetic region of chromosome V and failed to comple-
strain. The measured internal concentration of ethanol in the animals
ment at least one other member of the group, suggestingfor the 400 mM and 500 mM treatments was 22  0.8 mM and 29 
that they were alleles of the same gene. These mutations0.5 mM respectively (see text). Error bars, SEM.
represented a large proportion of the mutants we iso-(B) Ethanol-induced decrease in body-bend amplitude during loco-
motion. Ethanol (200 mM) causes a small decrease in the amplitude lated: six of the eight locomotion-resistant mutants (in-
of body bends. Complete flattening of the body bends can occur cluding eg7 and eg73) and seven of the twenty egg
at 400 and 500 mM ethanol. The effect is most pronounced on the laying-resistant mutants (including eg24 and eg142)
posterior of the body (left). Scale bar, 200 m.
were slo-1 mutations.
slo-1 mutants were strongly resistant to ethanol for
both locomotion and egg-laying behaviors, making them
Results unique among the mutants isolated from the screens.
The effects of ethanol exposure on locomotion and egg-
Screening for Mutants with Reduced laying behaviors of the mutants eg7, eg24, eg73, and
Sensitivity to Ethanol eg142 are detailed in Figures 2 and 3.
C. elegans behaviors are affected by a short continuous Genetic mapping of the ethanol-resistant mutations
exposure to ethanol. Exogenously applied ethanol pro- suggested that they might fall in the gene slo-1. slo-1
duces reversible, dose-dependent decreases in the am- null mutations lead to jerky locomotion (Wang et al.,
plitude of body bends during locomotion, the speed of 2001), a phenotype shared with the ethanol-resistant
locomotion, and the frequency of egg laying (Figures 1A mutants. We identified mutations in the slo-1 gene in
and 1B). Locomotion and egg laying are under the con- each of four sequenced ethanol-resistant mutants. The
trol of separate neuromuscular networks, suggesting point mutation in eg73 (G289E) is identical to the pre-
that ethanol acts on multiple cell types in C. elegans. viously described mutation, slo-1(md1715), which was
shown to be functionally inactive when expressed inThese general effects can be viewed as depressive or
SLO-1 and Ethanol Resistance in C. elegans
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Figure 2. slo-1 Loss-of-Function Mutants Are Ethanol Resistant
(A) Locomotion sensitivity to ethanol (400 mM). The mean relative speed of wild-type animals (N2) and various mutant or transformed strains
is shown ( SEM). Transformed slo-1( js118 ) animals carrying an extrachromosomal array (Ex) with Psnb-1::slo-1() (neuronal) or Pmyo-3::slo-
1() (muscle) express the slo-1 cDNA tissue-specifically.
(B) Egg laying sensitivity to ethanol (500 mM). The mean relative frequency of egg laying of wild-type animals and various mutant or transformed
strains is shown ( SEM).
Symbols in A and B indicate the statistical significance of the differences between N2 and other strains (*, P  0.05; **, P  0.01; ***, P 
0.001) and the differences between slo-1( js118 ) and other strains (†, P  0.05; ††, P  0.01; †††, P  0.001).
oocytes (Wang et al., 2001). The mutation eg142 creates preclude the formation of an ion-conducting channel
pore and is likely to be a null mutation. The point muta-a translation-termination codon early in the first trans-
membrane domain (W46STOP). This mutation would tions eg7 (E286K) and eg24 (G841R) affect absolutely
Figure 3. Ethanol Resistance Is Not Due to a General Difference in Speed
Tracking the locomotion of wild-type and slo-1( js118 ) animals in the presence and absence of ethanol. The positions of 10 animals are
recorded every 4 s for a 2 min period. A cumulative overlay of those positions generates tracks of their movement. Fast locomotion is apparent
as a track of distinct animal outlines, slow locomotion as a solid line of overlapping animal outlines. Untreated N2 animals (top left) have a
slightly higher speed than untreated slo-1( js118 ) animals (top right). Ethanol-treated slo-1( js118 ) animals (lower right) have a greater average
speed than ethanol-treated N2 animals (lower left). Scale bar, 2 mm.
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conserved amino acids in the extracellular face and cy- Although SLO-1 is expressed in most neurons, we
toplasmic tail of SLO-1, respectively (Atkinson et al., tested whether expression of slo-1() only in the subset
1991; McCobb et al., 1995; Wei et al., 1996). We con- of neurons that most directly mediate locomotion, the
firmed that slo-1( js118), a previously characterized func- cholinergic and GABAergic motor neurons, could re-
tionally null mutant (Wang et al., 2001), also showed store sensitivity to ethanol for the locomotion behavior.
strong resistance to ethanol for both locomotion ( t8  We tested animals bearing transgenic DNA arrays that
4.8, P  0.01) and egg-laying ( t7  33.7, P  0.0001) express slo-1() in these neurons, in an otherwise slo-1
(Figures 2A and 2B). mutant background ( js118). We observed a significant
The basal speed of slo-1 mutants in the absence of increase in sensitivity to ethanol (slo-1( js118): relative
ethanol was the same as that of wild-type animals or speed  64.2  4.3%; slo-1( js118);egEx[Pacr-2::slo-
slightly slower (Figure 3 and Supplemental Data at http:// 1() Punc-25::slo-1()]: 39.8 2.3%, t7  2.8, P 0.05).
www.cell.com/cgi/content/full/115/6/655/DC1). Simi- Although the extent of the rescue of ethanol sensitivity
larly, slo-1 mutants had similar or reduced rates of egg may be affected by the level of expression of slo-1,
laying in the absence of ethanol compared with wild- these results indicate an essential role of these particular
type animals (see Supplemental Data). Thus, the ethanol neurons that are known to generate locomotion in the
resistance of the slo-1 mutants cannot be accounted for SLO-1-mediated response to ethanol.
by nonspecific increases in basal speed and egg laying. Neuronal expression of slo-1() in slo-1( js118) mutant
Ethanol resistance could arise from changes in etha- animals partially restored ethanol sensitivity for egg lay-
nol metabolism or changes in the ethanol response. To ing (Figure 2B). Muscle-specific expression (body and
distinguish between these possibilities, we measured vulval muscles) of slo-1() in slo-1( js118) mutant ani-
the internal ethanol concentrations in wild-type and mals produced an egg-laying defective phenotype,
slo-1( js118) animals exposed to the same ethanol condi- probably because of SLO-1 overexpression. This defect
tions. No significant differences were observed at 400 interfered with the test for ethanol sensitivity for egg
and 500 mM ethanol (n6, t30.073, P 0.94), showing laying. These results suggest that SLO-1 acts in neurons
that the ethanol resistance displayed by slo-1 mutants to confer ethanol sensitivity on egg laying, but we cannot
is not due to decreased penetration of ethanol or in- exclude an additional SLO-1 function in muscles for
creased ethanol metabolism. this behavior.
We tested whether the resistance to behavioral de-
pression shown by the slo-1 mutants was specific for Hyperactive Neurotransmission Does Not Cause
ethanol. We examined the sensitivity of N2 and two slo-1 Ethanol Resistance
mutants to serotonin and muscimol, a GABA receptor In C. elegans, a lack of the SLO-1 potassium channel
agonist, which also cause decreased rates of locomo- leads to hyperactive neurotransmission (Wang et al.,
tion (Horvitz et al., 1982; McIntire et al., 1993). There 2001). The ethanol resistance of slo-1 mutants could
was no significant difference between N2, slo-1( js118), represent a specific effect of ethanol on the SLO-1 chan-
and slo-1(eg73) for the relative effect of serotonin (0.1 nel, or an indirect suppression of the depressive effects
mg/ml, 10 min) on the speed of locomotion (N2: relative
of ethanol by hyperactive neurotransmission. To evalu-
speed  23.6  9.8%; slo-1( js118): 19.0  1.3%; slo-1
ate these possibilities, we examined the ethanol sensi-
(eg73): 24.7 12.9%; n 3, P 0.05 for each compari-
tivity of other C. elegans strains with hyperactive neuro-son). There was also no significant difference between
transmission.N2, slo-1( js118), and slo-1(eg73) for the effect of musci-
Two mutants with hyperactive neurotransmission aremol (0.1 mM, 20 min) on the speed of locomotion (N2:
goa-1, which encodes a Go subunit (Mendel et al., 1995;relative speed  41.6  16.2%; slo-1( js118): 38.8 
Se´galat et al., 1995), and dgk-1, which encodes a diacyl-9.9%; slo-1(eg73): 39.1  10.1%; n  3, P  0.05 for
glycerol kinase (Hajdu-Cronin et al., 1999; Nurrish eteach comparison). These data show that slo-1 mutants
al., 1999). goa-1(n363) mutant animals were as ethanol-are not generally resistant to compounds that act as
sensitive as wild-type animals for locomotion (t7  1.5,neurodepressants in C. elegans.
P 0.05) (Figure 2A). dgk-1(nu62) mutants were slightly
resistant to the effects of ethanol on locomotion (t7 Neuronal Expression of slo-1 Is Required
3.06, P  0.05) (Figure 2A). Both goa-1 and dgk-1 werefor Ethanol Sensitivity
as sensitive as wild-type animals in egg-laying assaysslo-1 is expressed in most C. elegans neurons and mus-
(Figure 2B). Since slo-1, dgk-1, and goa-1 mutantscles (Wang et al., 2001). Either cell type might be involved
showed strong, little, and no ethanol resistance, respec-in the behavioral responses to ethanol. To ask which
tively, hyperactive neurotransmission does not intrinsi-cells required SLO-1 function to generate ethanol sensi-
cally lead to ethanol resistance.tivity, we transformed slo-1( js118) null animals with fu-
Mutant animals with hyperactive neurotransmissionsion genes in which tissue-specific gene promoters
are hypersensitive to the paralytic action of the acetyl-drove expression of slo-1() in either neurons or muscle.
cholinesterase inhibitor aldicarb (Nurrish et al., 1999).Analysis of these strains demonstrated that expression
Mutations in slo-1 produce mild aldicarb hypersensitiv-of slo-1() in neurons can fully restore ethanol sensitivity
ity (Wang et al., 2001), but the effects are significantlyfor locomotion to a slo-1( js118) null mutant (Figure 2A).
less striking than the aldicarb hypersensitivity of goa-Expression of slo-1() in muscle resulted in no signifi-
1(n363) and dgk-1(nu62) (Figure 4). The poor correlationcant restoration of ethanol sensitivity for locomotion
between the extent of ethanol resistance and the extent(Figure 2A). These results indicate that the expression
of aldicarb sensitivity indicates that the hyperactive neu-of SLO-1 in neurons determines whether locomotion will
be sensitive or resistant to ethanol. rotransmission of the slo-1 mutants does not explain
SLO-1 and Ethanol Resistance in C. elegans
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The magnitude of the whole-cell outward-rectifying
current was much greater in CEP neurons in wild-type
animals (98.5  17 pA/pF at 86 mV, n  25) than in
neurons in slo-1() mutants (eg73: 51.1  7.1 pA/pF at
86 mV, t30  2.59, P  0.02, n  9; js118: 45.7  5.3
pA/pF at86 mV, t28 2.98, P 0.01, n 6), suggesting
that the mutants were missing a SLO-1-dependent cur-
rent (Figures 5A and 5B). The differences in size of the
currents could not be explained by differences in cell
size because capacitance measurements for neurons
in the wild-type and slo-1 mutant animals did not differ
(N2 [wild-type]: 1.32  0.099 pF, eg73: 1.42  0.19 pF,
js118: 1.44  0.18 pF, F36,2  0.267, P  0.05). Further
evidence that the SLO-1 channel mediates this current
comes from four observations. First, single-channel
events from wild-type neurons (Figures 5C and 5D) have
similar unitary conductance (37.9  0.75 pS, n  10 in
asymmetrical saline: 15 mM Kout: 173 mM Kin; 51.0 
2.1 pS, n  3 in symmetrical saline: 173 mM K) and
voltage-dependence to currents mediated by Ca2-acti-
vated K currents in C. elegans neurons and muscle
(Wang et al., 2001; Jospin et al., 2002; Nickell et al.,
2002). Second, the reversal potential for these currents
(56.9  3.5 mV) in asymmetrical saline is close to the
equilibrium potential for potassium (61.8 mV), sug-
gesting that these channels are selective for potassium.
Third, these single-channel currents were absent in slo-
1() mutants (65% of 37 wild-type CEP neurons demon-
strated BK-channel activity versus 0% of 12 CEP neu-
rons for js118 and 0% of 12 CEP neurons for eg73).
Fourth, the SLO-1-dependent current was reduced by
Figure 4. Neuronal Activity of Ethanol-Resistant Mutants the BK-channel antagonist iberiotoxin (100 nM, 49 
Acetylcholine neurotransmission in wild-type, slo-1, and the hyper- 12% reduction at 86 mV, t2  7.2, P  0.05, n  3,
active strains, goa-1 and dgk-1. Bars represent the percentage of Figures 5E and 5F). Taken together, our results suggest
paralyzed animals after 1 (yellow), 2 (blue), or 3 (red) hours of expo-
that we have identified a SLO-1-dependent current insure to the acetylcholinesterase inhibitor aldicarb (0.25 mM) (n 	 3).
the wild-type CEP neurons that is absent in the CEPError bars show SEM. Symbols indicate the statistical significance of
neurons of slo-1 mutants.the differences between N2 and other strains (**, P  0.01; ***, P 
0.001) and the differences between slo-1( js118 ) and other strains
(†, P  0.05; ††, P  0.01). Statistics are only shown for the 3 hr Ethanol Causes an Increase in the SLO-1-
time point.
Dependent Current In Vivo
We predicted that ethanol would activate C. elegans
SLO-1 channels in vivo. Ethanol has been observed totheir strong ethanol resistance. Instead, slo-1 appears
to have a special relationship to ethanol-induced be- have activating and inactivating effects, as well as no
effect on vertebrate BK channels in vitro (Dopico et al.,haviors.
1996; Jakab et al., 1997; Chu et al., 1998; Dopico et al.,
1998, 1999; Walters et al., 2000; Gruss et al., 2001). ToIdentification of a SLO-1-Dependent
Current in Neurons ask whether ethanol has an activating effect on the C.
elegans SLO-1 channel in vivo, we applied ethanol atEthanol could bring about its major behavioral effect by
activating the SLO-1 channel, and thus strong resis- pharmacologically relevant doses while recording whole-
cell currents from CEP neurons (Figures 6A and 6B).tance to the behavioral effects of ethanol results when
the SLO-1 channel is absent or nonfunctional. To ad- Ethanol selectively and reversibly increased the ampli-
tude of the outward-rectifying current in all neurons indress this hypothesis, we used in vivo patch-clamp re-
cording to identify a SLO-1-dependent current in C. ele- wild-type animals at two concentrations (20 mM ethanol:
20  4% at 86 mV, t3  6.9, P  0.05, n  4; 100 mMgans neurons. Different classes of C. elegans neurons
are expected to have different profiles of currents ethanol: 29  5% at 86 mV, t6  5.7, P  0.001, n 
7). By contrast, ethanol had no effect on currents in slo-(Goodman et al., 1998). To ensure that we could detect
differences in membrane currents that were due to mu- 1() mutants (Figures 6A and 6B). The increase in current
in wild-type neurons was not observed after the applica-tations and not to differences between neuronal classes,
we examined currents in a single class of neurons. We tion of 100 mM dextrose, indicating that it is not a non-
specific effect of changing the external solution (Fig-chose the class of four dopaminergic CEP neurons be-
cause preliminary experiments showed that they are ure 6B).
To determine whether ethanol can activate the SLO-1relatively easy to dissect and that they exhibit a BK-
like current. channel directly in the absence of cytosolic factors, we
Cell
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recorded the single-channel activity of SLO-1 in patches
excised from CEP neurons. Ethanol (20 mM in Figure
6C and 100 mM, data not shown) reversibly increased
the frequency of channel opening (Popen measured at86
mV for control: 0.098  0.017; and 100 mM EtOH-
treated: 0.169  0.030, t5  5.5, P  0.001, n  6),
but did not appear to alter the average size of the BK
conductance. Dextrose (100 mM) had no effect on SLO-1
single-channel activity (n  3, data not shown).
Ethanol activation of the SLO-1 current was also ob-
served in motor neurons that directly control locomo-
tion. Recordings of excised patches from VA motor neu-
rons (n  5) in wild-type animals (Figure 6D) showed
single-channel activity with similar magnitude and sensi-
tivity to iberiotoxin as the SLO-1-dependent activity ob-
served in CEP neurons. Whole-cell recordings of VA
motor neurons showed that 100 mM ethanol produced a
46.6 9.7% increase in an iberiotoxin-sensitive outward
current at 86 mV (t2  4.8, P 0.05, n 3). Significant
activation of SLO-1-dependent currents was also ob-
served in other neurons, including AVA and SAB
interneurons (data not shown).
These results show that ethanol can activate the
SLO-1 channel in vivo. SLO-1 activation, in turn, should
inhibit neuronal excitability and reduce transmitter re-
lease. The absence of the SLO-1 channel activity in slo-1
mutants provides a mechanism for resistance to the
behavioral effects of ethanol.
Gain-of-Function Mutations in slo-1 Result
in Behavioral Depression
If SLO-1 activation by ethanol is the major cause of
behavioral depression in intoxicated animals, other
mechanisms of SLO-1 activation should recapitulate the
behavioral effects of ethanol. Indeed, a striking behav-
ioral depression is observed in the semidominant gain-
of-function mutants of slo-1, ky389gf and ky399gf.
These mutations were originally identified as alleles of
nsy-3 (Troemel et al., 1999) (also see Supplemental Data
at http://www.cell.com/cgi/content/full/115/6/655/
DC1). The mutations were identified as alleles of slo-1
by sequencing the slo-1 gene in the mutant alleles (see
below), and will henceforth be called slo-1(ky389gf ) and
Figure 5. Identification of a SLO-1-Dependent Current in Neurons
slo-1(ky399gf ).
Activation of SLO-1 channels should decrease synap-
(A) Whole-cell currents from CEP neurons in wild-type, slo-1( eg73 ),
tic transmission, a phenotype opposite to that observedand slo-1( js118 ) loss-of-function mutant C. elegans. Holding poten-
in slo-1 loss-of-function mutants. The level of transmittertial was 74 mV with voltage steps between 164 to 86 mV.
release was assessed by measuring sensitivity to the(B) Average current density versus voltage for wild-type (; n  25)
and slo-1 loss-of-function mutants eg73 (; n  9) and js118 (; acetylcholinesterase inhibitor aldicarb (Miller et al.,
n  6). Symbols for eg73 and js118 overlap. 1996). slo-1(ky399gf ) animals showed significant resis-
(C) Average amplitude of single-channel SLO-1-dependent currents tance to aldicarb compared with wild-type animals (2 hr:
versus voltage for wild-type animals in symmetric (, 173 mM K )
t14  4.8, P  0.001; 3 hr: t14  6.7, P  0.001; Figureand asymmetric (, 15 mM Kout:173 mM Kin ) saline conditions.
7A), whereas slo-1(ky389gf ) animals showed significantInternal [Ca2] was 0.7 mM. Regression fit lines indicate slope con-
resistance compared with wild-type animals only at 3 hrductance of 51 pS and 38 pS for the symmetric and asymmetric
conditions, respectively. Currents smaller than 2 pA were unde- of exposure (2 hr: t14  1.2, P  0.23; 3 hr: t14  4.1, P 
tectable. 0.01) (Figure 7A). The aldicarb resistance of the slo-1(gf )
(D) Single-channel currents of the SLO-1 channel in an excised patch mutations indicates reduced acetylcholine release.
from a CEP neuron held at different indicated potentials. Dotted
To directly assess whether the ky389gf and ky399gflines indicate baseline closed levels.
(E) Iberiotoxin (IbTX) reduces the magnitude of the whole-cell out-
ward-rectifying current. Voltage protocol same as above. Some of
the current traces are omitted for clarity. Average current versus
(F) SLO-1 single-channel currents in an outside-out excised patchvoltage plotted on right for before () and after () application of
are similarly blocked by IbTX. Pipette potential was 46 mV.IbTX for data on left.
SLO-1 and Ethanol Resistance in C. elegans
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Figure 6. Activation of the SLO-1 Current by Ethanol
(A) Bath application of ethanol selectively and reversibly increases the magnitude of the outward-rectifying current in wild-type but not slo-
1() mutant CEP neurons. Voltage protocol same as in Figure 5A. Current traces for voltage steps to 86 mV holding potential on left and
mean current versus voltage plots on right for before (), during (), and after () treatment with ethanol (EtOH).
(B) Average percent change in whole-cell current at 86 mV is plotted for different conditions and animals. Dextrose  Dex. Sample size
indicated above each bar. Asterisks indicate significant changes (P  0.05).
(C) Ethanol reversibly potentiates the activity of a single SLO-1 channel in an excised patch from a sensory CEP neuron held at 6 mV. Dotted
lines indicate baseline levels.
(D) Recording of SLO-1 channels excised from VA motor neurons also shows reversible potentiation by ethanol (100 mM) at 40 mV
holding potential.
mutations result in increased function of the SLO-1 higher open probability in comparison with events for
wild-type animals (Figures 7C and 7F). The choppychannel in vivo, we examined SLO-1-dependent cur-
rents in these mutants. Whole-cell recordings from CEP whole-cell currents for ky399gf were reflected in choppy
single-channel events. Neither the unitary channel con-neurons showed that the outward-rectifying current was
increased in the two mutants (Figures 7B and 7D: aver- ductance (Figure 7E: N2: 37.9 0.75 pS, ky389gf: 38.9
1.1 pS, ky399gf: 38.12 0.654 pS in asymmetrical saline:age whole-cell currents at 86 mV: N2: 98  1.1 pA/pF,
n  28; ky389gf: 150.7  19.8 pA/pF, n  8, t33  1.8, 15 mM Kout:173 mM Kin, F2,27  0.355, P  0.7, n  10
for each), nor the density of channels, as assayed byP  0.05; ky399gf: 157.1  13.9 pA, n  8, t33  2.3,
P  0.05). Also, whole-cell currents for the ky399gf mu- the average number of channels detected in patches
(N2: 1.73  0.19, ky389gf: 1.64  0.20, ky399gf: 1.67 tant were more “choppy” and had a slower time course
of relaxation for tail currents than those for ky389gf 0.22, F2,31  0.054, P  0.9, n  10 for each), differed
significantly between the wild-type and mutant animals.mutant and wild-type animals. Single-channel events
recorded from excised patches of CEP neurons were Ion selectivity of the mutant channels appeared unal-
tered compared to wild-type because each channel typesimilar in magnitude for mutant and wild-type (Figure
7C) and in sensitivity to iberiotoxin (data not shown). had a wild-type reversal potential (Figure 7E). These
results support the hypothesis that slo-1(ky389gf ) andSingle-channel events for the two mutants exhibited a
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slo-1(ky399gf ) mutations result in increased SLO-1 mutations conferred a unique high level of resistance
to the effects of ethanol in two different behavioralchannel activity.
Sequencing of the slo-1 gene from ky389gf animals assays. At a pharmacological level, ethanol activates a
large conductance potassium channel, also known asidentified a mutation that results in a threonine to isoleu-
cine substitution at amino acid position 1001 (Figure a BK channel, which is encoded by the slo-1 gene. At
a behavioral level, activation of the same SLO-1 BK7G). This amino acid is in the S10 domain, which has
been implicated in calcium sensitivity through in vitro channel by gain-of-function mutations recapitulates in
vivo effects of ethanol intoxication. Based on the combi-studies of the mouse mSlo channels (Schreiber et al.,
1999). As an activating mutation, one possibility is that nation of loss-of-function and gain-of-function genetic
studies, and on the direct biochemical response of thethe channel has become more sensitive to calcium.
Sequencing of the slo-1 gene from ky399gf animals channel to ethanol in vivo, the SLO-1 BK channel is
likely to be the major physiological mediator of ethanolidentified a mutation that results in a glutamic acid to
lysine substitution at amino acid position 350, which is intoxication in C. elegans.
Although slo-1 emerged as the central target in thein the conserved S6 domain close to the pore of the
channel (Figure 7H). Amino acid substitutions at the genetic screen, we also identified other mutations that
affected single behaviors or had weaker effects. Weanalogous position in other voltage-gated potassium
channels negatively shift the voltage-dependence of ac- think it is unlikely that BK channels are the only ethanol
target, even in C. elegans, since modest ethanol effectstivation and alter deactivation kinetics in a manner simi-
lar to what we describe here for the ky399gf SLO-1 on locomotion are observed at high ethanol concentra-
tions in slo-1 null mutants. Moreover, there are probablychannel (Jerng et al., 1999; Lees-Miller et al., 2000).
What are the behavioral effects of a hyperactive SLO-1 many genes that can modulate the presynaptic activity
of BK channels, or other presynaptic parameters, andpotassium channel in vivo? The rates of locomotion and
egg laying in slo-1(ky389gf ) and slo-1(ky399gf ) are sig- thereby can affect behavioral outputs to ethanol without
necessarily being direct ethanol targets themselves. (Anificantly decreased compared with those of wild-type
and slo-1( lf ) mutant animals (Figures 7I and 7J). Their channel related to SLO-1, SLO-2 has been identified in
C. elegans and is involved in responses to hypoxia [Yuanbehavioral defects in locomotion and egg laying resem-
ble those produced by ethanol treatment. Hence, a se- et al., 2003], but no mutations were identified in slo-2
in our screens, data not shown.) No ion channel acts inlective increase in SLO-1 channel activity can recapitu-
late behavioral effects of ethanol. isolation, and it will be interesting to see whether the
other mutations recovered in our screens correspond
to molecular targets suggested by ethanol experimentsDiscussion
in vertebrate systems.
Ethanol Resistance by Loss of slo-1 Function
in C. elegans Ethanol Activates SLO-1 and Other BK Channels
Our genetic data show that most of the behavioral ef-In two separate whole-genome screens for ethanol re-
sistance in C. elegans, we identified a large number of fects of ethanol are dependent on the presence of a
functional SLO-1 channel. Our electrophysiologicalloss-of-function mutations in a single gene, slo-1. These
Figure 7. Characterization of the Effects of Gain-of-Function Mutations of slo-1
(A) Comparison of the aldicarb sensitivity of wild-type animals and the two slo-1( gf ) mutants. Bars show the average percentage of paralyzed
animals for each strain after 1, 2 and 3 hr of exposure to 0.5 mM aldicarb (n 	 3).
(B) Whole-cell currents from CEP neurons in wild-type and slo-1( gf ) mutants ky389gf and ky399gf. Slower relaxation of tail currents for ky399gf
noted by asterisk. Holding potential was 74 mV with voltage steps between 164 to 86 mV.
(C) Single-channel currents of the SLO-1 channel in excised patches from CEP neurons held at 121 mV for wild-type and slo-1( gf ) mutant
animals. Internal [Ca2] was 0.7 mM.
(D) Average density of whole-cell current versus voltage for wild-type (; n  25) and the slo-1( gf ) mutants, ky389gf (; n  7) and ky399gf
(; n  8).
(E) Average amplitude of single-channel currents versus voltage for wild-type and slo-1( gf ) mutants (n  10 for each). Line indicates slope
conductance of 38 pS. Currents smaller than 2 pA were undetectable.
(F) Average open probability of single SLO-1 channels excised from CEP neurons of untreated and ethanol-treated wild-type and slo-1( gf )
mutants (Vhold  86 mV). Asterisks indicate statistical difference from untreated N2.
(G) Alignment of the S10 domain of BK channels from mouse (mSlo1 and mSlo3) and worm (SLO-1). Shading indicates conservation of amino
acid identity. The gain-of-function mutation ky389gf results in an amino acid substitution (T  I) at position 1001 (in bold) of SLO-1. This
substitution is an alteration from amino acid identity at that position with the calcium-insensitive mSlo3 channel, toward similarity with the
calcium-sensitive mSlo1 channel.
(H) Alignment of the S6 domain of K channels from multiple organisms. Regions of homology with the C. elegans channel are shaded. The
gain-of-function mutation ky399gf results in an amino acid substitution (E  K) at a position highly conserved within BK channels of different
species (amino acid 350 of SLO-1). Analogous positions in other voltage-dependent potassium channels (above, in bold) are known to be
important for both activation and deactivation kinetics.
(I and J) Comparison of speeds (I) and egg laying rates (eggs laid per animal per 30 min) (J) of untreated and ethanol-treated wild-type, loss-
of-function, and gain-of-function slo-1 mutant animals. (Ethanol treatment of ky399gf animals resulted in a diminished relative response for
locomotion compared to wild-type animals [50% for ky399gf versus 68% for N2], although the results are difficult to interpret due to possible
floor effects.)
For A, D–F, I, and J, error bars indicate SEM. For A, I, and J, significant statistical differences are shown for comparisons with untreated N2
data (**, P  0.01; ***, P  0.001) and, also for I and J, untreated slo-1( js118 ) (††, P  0.01; †††, P  0.001) data.
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analysis of neuronal SLO-1 channel function in the pres- neurotransmitter release, muscle contraction, and hor-
monal secretion (Sah, 1996). Dopico et al. (1996) pro-ence and absence of ethanol confirms that the SLO-1
channel is activated by concentrations of ethanol that pose that changes in vasopressin release and diuresis,
both effects of ethanol ingestion, are the result of BKare relevant to the pharmacology of C. elegans and of
other systems, including humans. Effects were ob- channel activation by ethanol in neurohypophysial nerve
terminals. Given the strength of the resistance pheno-served at doses that cause euphoria or mild intoxication
in humans (20 mM) as well as at doses that cause seda- types associated with mutations in slo-1 in C. elegans
and the observations of in vitro effects of ethanol on BKtion (100 mM). A primary function of the SLO-1 channel is
to repolarize active neurons, so activation of the SLO-1 channels from multiple cell types, we now propose that
the effects of ethanol on BK channels extend beyondchannel in the presence of ethanol would inhibit neu-
ronal activity. regulation of vasopressin release and bring about acute
behavioral changes through inhibition of neuronal activ-Sensitivity of mammalian BK channels to ethanol has
been observed in vitro. Activation of BK channel cur- ity. If BK channels are critical mediators of ethanol
effects, then the near-ubiquitous expression of BK chan-rents by ethanol has been observed in isolated rat neuro-
hypophysial nerve terminals (Dopico et al., 1996), clonal nels in mammals may explain many diverse pharmaco-
logical effects of ethanol as it appears to do in C. ele-rat pituitary (GH3) cells (Jakab et al., 1997), mouse BK
channels expressed in oocytes (Dopico et al., 1998), rat gans. In humans, variation in behavioral sensitivity to
ethanol has also been found to correlate with frequencydorsal root ganglia (Gruss et al., 2001), and rat skeletal
muscle BK channels incorporated into lipid bilayers (Chu of alcoholism—individuals with lower sensitivity to etha-
nol have a higher frequency of alcoholism (Schuckit,et al., 1998). These studies suggest that a direct effect
of ethanol on mammalian BK channels occurs at phar- 1994). Hence, the mechanisms that mediate ethanol
sensitivity may also influence ethanol dependence.macologically relevant concentrations of ethanol. How-
ever, ethanol was shown to inhibit BK channels from Here, we show a direct relationship between the
SLO-1 protein, a biochemical effect of ethanol in vivo,bovine aortic smooth muscle reconstituted in lipid bi-
layers (Walters et al., 2000), and ethanol failed to show and a genetic effect on behavior. Our demonstration that
ethanol activates the SLO-1 channel in vivo provides aan activating effect on rat BK channels present in the
cell bodies of supraoptic magnocellular neurons (Dopico mechanistic explanation for the unique requirement for
SLO-1 in the acute behavioral responses to ethanol.et al., 1999). These differences in ethanol sensitivity may
be caused by a difference in the properties of the  Together, the genetic and electrophysiological results
explain many of the acute neurodepressive propertiessubunit (Dopico et al., 1999).
of ethanol in C. elegans.
Relevance of BK Channel Modulation
Experimental Proceduresto Ethanol Intoxication
slo-1 gain-of-function mutants displayed depression of
Behavior Assays
locomotion and egg laying behaviors to a similar degree Locomotion assay: nematode growth media (NGM) plates were
as ethanol-treated wild-type animals. In contrast to eth- dried for 2 hr at 37
C before three copper rings were melted into
anol treatment, where additional pathways may be af- the agar. Ethanol (at 4
C) was pipetted outside the copper rings,
and the plates were sealed with Parafilm and left for 2 hr at roomfected, these gain-of-function mutant animals should
temperature. During the time course of the assay, the ethanol con-display the specific behavioral effects of increased ac-
centration in the agar showed no significant change (t2  0.41, P tivity of SLO-1 channels. The overall similarity of the
0.05, n  3) using the Sigma Alcohol Reagent Kit. Ten young adult
behavioral depression between the gain-of-function animals were first transferred to plates without food for 30 min, then
mutant animals and wild-type ethanol-treated animals placed into each ring on the assay plate and their behavior was
suggests that activation of SLO-1 channels by ethanol recorded for 2 min from the 20 min time point using a CCD camera
(1 frame per second). Animals with a path that could be tracked foris the major cause of intoxication in C. elegans.
greater than 20 frames using DIAS software (Solltech, Inc.) wereThe SLO-1-dependent effects of ethanol on locomo-
included in an analysis. To minimize the influence of differences intion and egg laying behaviors are mediated by SLO-1
the baseline speeds of different genotypes on the measurement of
expression in the nervous system. slo-1 is widely ex- ethanol sensitivity, we calculated a mean relative speed (treated
pressed in C. elegans (Wang et al., 2001). Therefore, average speed/untreated average speed 100, n	 3) to determine
many cells and circuits could be potential targets of the relative effect of ethanol on speed.
Egg-laying assay: NGM agar plates were seeded with E. coli 20ethanol action. Ethanol activated SLO-1-dependent cur-
hr before the assay. Two hours prior to the assay, rings and ethanolrents in different classes of C. elegans neurons. SLO-1-
were added to the plates as described above. Ten young adultlike outward-rectifying currents were also found in all
animals were placed inside each ring. Relative egg-laying frequen-
neurons from a general survey of C. elegans neurons cies (over 30 min) were determined (treated average egg-laying/
(Goodman et al., 1998). Together with our finding that the untreated average egg-laying  100, n 	 3).
SLO-1 channel carries much of the whole-cell outward
current in CEP neurons and motor neurons, this survey Internal Ethanol Concentration
The fraction of exogenous ethanol that penetrated the worm wassuggests that SLO-1-dependent currents are a common
determined as follows: populations of 300–600 worms were rinsedfeature of C. elegans neurons. Thus, ethanol is likely to
in buffer and transferred to ethanol or control plates. After 22 min,produce similar increases (20 to 50%) in SLO-1-depen-
worms were washed in ice-cold buffer and pelleted by centrifugationdent currents throughout the C. elegans nervous system.
at 4
C. The pellet was retrieved, frozen, and homogenized on ice.
Mammalian BK channels are expressed widely in neu- The homogenate was diluted and centrifuged at 4
C. Supernatant
ral and glandular tissue and in muscle, where they con- (5l) was added to Alcohol Reagent (Sigma, 1.5 ml), and the concen-
tration of ethanol was determined as per the manufacturer’s instruc-trol many important physiological functions, including
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tions. The ethanol concentration in animals was calculated based on 5 MgCl2, 10 HEPES, and 20 D-glucose; pH 7.2 adjusted with NaOH.
Membrane currents were filtered at 2 kHz and digitized at 50 kHzthe measured volume of the pellet with a known number of animals.
with an Axopatch200B amplifier and pClamp8 software (Axon Instru-
ments, Union City, CA). Voltages were corrected for liquid junctionGenetic Screens for Ethanol-Resistant Mutants
potentials. Currents were averaged with data from the final 100 msMutants resistant to the behavioral effects of ethanol on locomotion
of each voltage step. All-points histograms plotted with Igor Prowere distinguished from nonresistant animals by their ability to mi-
(WaveMetrics, Lake Oswego, OR) were used to calculate the ampli-grate, in the presence of ethanol (400 mM), to an attractant odorant
tude and open probability of single-channel currents.(butanone) or to bacteria. N2 animals were mutagenized by exposure
to EMS (47 mM) for 4 hr. For each assay, young adult, F2 progeny
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